The construction sector is facing increasingly strict energy efficiency regulations. Existing buildings have specific technical, functional and economic constraints, which, in fulfilling regulations, could lead to costly and complex renovation procedures and also lead to missed opportunities for improving their energy performance. In this article, the methodology for comparing cost-optimality in building renovations, developed in the International Energy Agency (IEA)-Energy in Buildings and Communities (EBC) Annex 56 project, is extended with a life cycle assessment by including embodied primary energy and carbon emissions in the calculations. The objective is to understand the relevance of embodied energy and carbon emissions in the evaluation of the cost effectiveness of building renovation solutions towards nearly zero energy buildings, as well as the effect of the embodied values in the achievable carbon emissions and primary energy reductions expected in an energy renovation. Results from six case studies, representative of different regions in Europe, suggest that embodied values of energy and carbon emissions have a decreasing effect-ranging from 2 to 32%-on the potential reductions of energy and emissions that can be achieved with renovation measures in buildings. In addition, the consideration of the embodied energy and carbon emissions does not affect the ranking of the renovation packages.
Introduction
European buildings are responsible for about 40% of the EU's final energy consumption, with 60% of this consumption being electricity-related [1] . Importantly, the energy consumed by buildings creates a significant share of the carbon emissions that are released into the atmosphere every year [2] . In an attempt to prevent the escalation of these problems, the European Commission has released and revised several regulations and developed several initiatives in order to promote energy efficiency and the reduction of carbon emissions. The Energy Performance of Buildings Directive (EPBD), recast in 2010, was a turning point in which new concepts were introduced, namely the cost optimal concept and nZEB (nearly zero energy buildings) [3] . Although the current tools and regulations mainly target new constructions and large building renovations, there is an increasing recognition of the need to tackle the existing building stock. Existing buildings, which in Europe are on average more than 20 years old and present, in general, poor energy performance [4] , have a replacement rate of around 1 to 2% per year [5] , which is clearly insufficient in order to meet the EU 2030 and 2050 goals.
Existing buildings have several technical, functional and economic constraints, and applying the regulations targeted to new buildings to the existing ones can lead to costly and complex renovation procedures, which are hardly accepted by the owners or promoters. This fact may contribute to missed opportunities for improving the buildings' energy performance. Investment costs concerning building renovations are likely to increase as the depth of the intervention increases and new materials and building integrated technical systems (BITS) are added to the building [6] . It is necessary then to address the trade-offs between the costs and effectiveness of interventions regarding energy performance improvements in existing buildings. For that purpose, the International Energy Agency (IEA), in the scope of the Energy in Buildings and Communities programme (EBC), launched the Annex 56 project for cost effective energy and carbon emission optimization in building renovation, in which the authors participated [7, 8] . The project aimed at developing a general framework for comparing the cost-effective renovation of existing buildings, combining energy efficiency measures and the use of energy from on-site renewable sources. The methodology developed within Annex 56 is intended to be used by private entities and governmental agencies to help in the decision-making process of renovating a building. This methodology was developed to be applied in residential and low-tech office buildings. The methodology balances the primary energy demand and the global costs of each renovation scenario in order to compare them using a life cycle approach as established by the EU Delegated Regulation nº 244/2012 [9] . This perspective differs significantly from the common approach to the subject, which focusses only on energy during the operation phase [10] .
There are several different approaches to this methodology in relation to the renovation of different types of buildings, such as historic buildings (e.g., [11] ) and public buildings (e.g., [12] ). Analysis concerning renovation towards nZEB buildings-independently of the programmatic function-can also be found and clearly show not only the relationship between the concept of nZEB and economic performance [13] but also the applicability of the concept in terms of differences in geographical and national contexts [8, [14] [15] [16] , as well as the advantages of renovating buildings up to this level in terms of resilience to future climates [17] .
Although life cycle assessment (LCA) has been used in the building sector since the 1990s [18] , the sustainable construction movement and its need to objectively assess the environmental impact of construction practices has strengthened the use of this approach. LCA has already been used in several studies focusing on building renovation (e.g., [19] [20] [21] ), even if, according to a review by Cabeza et al. [22] , the majority of the studies have been performed in what the authors call "exemplary buildings", i.e., buildings that have been constructed already with the purpose of being sustainable and using low amounts of energy. In addition, studies taking an environmental assessment perspective of cost-optimal solutions for building renovation are scarce and geographically inconsistent. Previous research includes multidimensional Pareto optimization using LCA in three residential buildings located in France, Sweden and The Netherlands [23] , an optimization matrix development for a multistorey residential building in Northern Italy [24] and an integrated life-cycle assessment and cost optimality assessment at a historic building in Portugal, which showed that these kind of buildings (which do not have to comply with energy and thermal codes) can achieve significant energy savings (taking into consideration also economic and environmental costs) [25] .
Besides the life cycle cost analysis, the methodology developed in the Annex 56 project also allows the inclusion of LCA (life cycle assessment), balancing the energy used in the operation phase and the embodied energy and the carbon emissions associated to the materials used [26] . In that context, this paper focus on the comparison of several case studies regarding the significance of LCA, in particular embodied energy and embodied carbons emissions, while evaluating the cost effectiveness of energy renovation measures in buildings in different national contexts. In particular, the study aims to investigate whether considering environmental performance in cost effectiveness calculations of building renovation measures can lead to different outcomes.
The Significance of Considering Environmental Performance in Building Renovation
The environmental performance of the existing buildings is directly related to the materials that are added to the building and to the energy that is spent in the process. Thus, theoretically, the impact of building renovation should be smaller when compared to the construction of new buildings where bigger amounts of materials are involved [26] .
In building renovation, it is important to balance the initial impact of the materials that are going to be added when intervening with the building and the effect of those on the subsequent building operation; in particular regarding the energy use. In fact, when a building is renovated, namely with the objective of improving its energy efficiency, there is a significant upscale in costs and impacts due to the implementation of new materials and technical systems. As a rule of thumb, it can be stated that the more ambitious the energy renovation is, the higher the costs and impacts of the intervention itself are, but the lower the costs and impacts in the subsequent building operation phase [26] , as summarized in Figure 1 . Figure 1 . Representation of the effect of energy related renovation measures compared to the existing situation. Source: [26] . GWP: Global warming potential.
These impacts and the weight of the embodied energy and carbon emissions in the renovation intervention are highly dependable on the target set as the objective for the intervention. In a building renovation, and in order to reduce the primary energy used in building operation, both a minimization of demand (by intervening in the building envelope and/or increasing building integrated technical systems' (BITS) energy efficiency) and the use of renewable energy sources are significant. However, it has to be considered that each of these measures will also imply an amount of embodied energy related to the materials added or to the BITS, as shown in Figure 2 .
The figure also stresses the fact that the more energy is minimized, the more embodied energy is likely to be needed. When the objective of a building renovation is to reach a nearly zero target, this issue is even more pressing, because of the relevant use of renewable energy systems [6] . 
Methodology

Cost Optimal Methodology
The methodology developed within Annex 56 [8] establishes a general framework for the comparison of renovation packages, considering the balance between energy savings, carbon emission reduction and global costs, while also considering the co-benefits associated with each renovation package. However, the focus of this paper is related to the evaluation of the impact of the embodied carbon emissions and embodied energy in the final primary energy use, and thus the co-benefits analysis is not addressed in this context.
The methodology is based on the comparison of several renovation scenarios with a reference case, known as "anyway renovation". "Anyway renovation" is a renovation where the energy performance of the building is not improved, dealing simply with aesthetical, functional and structural issues. The reference case is also useful to establish the threshold for the cost effectiveness of renovation scenarios. If a renovation scenario presents a lower energy demand and lower costs than the reference case, it is considered cost effective to be implemented in the building. The renovation packages considered in the analysis should be designed to include improvements in the buildings elements and also in the BITS. The comparison between the renovation packages requires the calculation of the energy use associated with each of them as well as the calculation of the related carbon emissions and global costs.
The method for energy calculation is flexible, but it should be used in accordance with local thermal regulations, given the diversity of climatic conditions and construction characteristics where it could be applied.
The global costs must include all costs: Namely investment costs, maintenance costs, energy costs, replacement and disposal at the end of the calculation period. The calculations should typically consider a life cycle of 30 to 60 years. This procedure is in line with the cost-optimal calculations predicted by the EU Delegated Regulation nº 244/2012 [9] as a complement to the recast of the Energy Performance of Buildings Directive (EPBD-recast) [3] . The future cost must also be predicted and brought to the present moment of calculation, which can be achieved by applying the net present value or the annuity methods. Within the Annex 56 case studies, the annuity method was preferred, and it is the one presented here.
The results of the comparison of the different renovation packages can be illustrated with the help of graphs, where the x-axis presents the primary energy use and the y-axis presents the global costs ( Figure 3 ). More details can be clarified in the published article focusing on the methodology used in the scope of the project [8] ).
Life Cycle Assessment
In order to expand the Annex 56 methodology, it is necessary to take an LCA approach to incorporate the impacts of the renovation materials. Because the focus of the analysis is the energy-related measures applied in buildings, the LCA assessment will only take into account measures that affect the energy performance (thermal envelope, building integrated technical systems and energy use for on-site production and delivered energy). The methodology concerning the LCA analysis is detailed in the corresponding Annex 56 report: Life cycle assessment methodology for energy-related building renovation [26] . In the context of the Annex 56 methodology, and concerning the life cycle assessment (LCA), many indicators could be taken into consideration. However, the methodology consists in comparing different renovation packages and analyzing many indicators, which could become very time-consuming. Thus, the number of indicators used in the analysis were restricted to three: namely carbon emissions represented by the global warming potential (GWP) (quantifying the amount of CO 2 involved in each renovation package), cumulative non-renewable primary energy demand (NRPE) and cumulative total primary energy demand (TPE). These indicators were chosen due to their good correlation with the remaining environmental indicators considered in the LCA method [27] and with the cost optimal methodology.
In order to perform a LCA analysis, it is fundamental to define system boundaries. There are two types of system boundaries to be defined: the temporal boundary (defining elementary stages, occurring during the life of the building) and the physical boundary (where materials and energy flows are defined).
In terms of the temporal boundary, in this analysis, the main stages of the building life cycle are defined following the EN 15978 standard [28] . The different stages can be defined as follows: (1) Material production stage, which configures the cradle to grave processes for the manufacturing of the materials used in construction processes and technical systems to obtain the final products delivered at the gate of the factory; (2) the building construction processes stage, which includes the transportation of necessary materials and equipment (e.g., cranes, scaffoldings), as well as all the processes needed for the renovation of the building.; (3) the building use stage, which concerns the period that the building is used by the occupants, i.e., until the deconstruction of the building, including maintenance, repair and replacement of materials, as well as the energy used by technical systems.; (4) the building end of life stage, which covers the processes included in the building demolition and material elimination, including waste transport and management. In this stage, it is important to clarify that the calculations carried out for each of the case studies considered the transport and management of the waste. However, the type of waste processing and disposal considered depended not only on the national context but also on the materials in the building. Therefore, after the decommissioning of the building, the materials can be processed in different ways (recycled, reused, incinerated or dumped in a landfill, for example). Each stage uses energy and materials and also releases air, water and soil emissions. Not all of the stages contribute in the same extent to the life cycle impacts of the building.
In terms of physical boundaries, in this study, the LCA of a renovated building includes the following elements: The materials added for energy-related renovation measures of the thermal envelope of the building; the materials added for energy-related renovation measures for the building integrated technical systems (BITS), including on-site energy generation units (PV, solar thermal, etc.); and the materials added to provide the same building function before and after renovation. The construction elements are composed of one or more materials, generally assuming a layered composition. BITS consist of several different components which are fabricated from distinctive materials. Both construction elements and components in BITS use one or more energy vectors. The service life of materials, i.e., the time during which a building component fulfils its function, depends on the type of construction element (wall, floor, roof, etc.), the situation of the construction element (against ground, exterior and interior) and the position of the material layer within the construction element. Table 1 demonstrates the aspects to be included in the LCA of a building renovation. To calculate the impact of each renovation package, it is necessary to calculate the amount of materials involved and multiply them by the related impacts. The same happens with the energy, which has to be multiplied by the related impact by energy carrier. In this analysis, the LCA for building renovation, taking into account materials and BITS as well as the operational primary energy use, is calculated as follows: PE building = PE materials + PE BITS + PE op energy use (1) where PE building is the primary energy of the building renovation; PE op energy use is the calculated primary energy for the operational energy use; PE BITS is the primary energy of the BITS; PE materials is the primary energy of all materials which were used in the building renovation.
The same equation is used for the carbon emissions. This being so, in order to differentiate the primary energy demand (and carbon emissions), which considers the different stages in building life cycle, the terms "embodied primary energy" and "embodied carbon emissions" will be applied.
It is important to highlight that the methodology for LCA does not impose a specific calculation software or database. It only requires the use of recognized and reliable sources for the quantification of the chosen indicators. Therefore, the LCA was carried out through the use of spreadsheets or existing LCA tools, depending on national contexts, such as the Swiss Eco-Bat [29] or by adapting existing tools, e.g., the ASCOT tool [30, 31] developed for Denmark.
In the context of the methodology used in this study, both LCA and Life Cycle Costs (LCC) were carried out for a study period of 60 years, for which all contributions of materials and energy consumptions are calculated. The study period is determined by having to be equal or longer than the service life of the energy related building components analyzed.
In order to ensure a consistent implementation of the LCA methodology in the six detailed case studies (which are detailed in the next section), an inter-comparison of LCA tools and spreadsheets used by the different partners was conducted on a simple case study. The goal of this preliminary exercise was to check if each partner was able to get the same results using different tools for the calculations. The detailed description can be consulted in the Appendix 2 of the Annex 56 "Life Cycle Assessment" report [26] .
Case Studies
For this study, interventions in six buildings were analyzed. The selected case studies where the methodology was applied are constituted by five residential buildings and one elementary school. The main criterion for choosing the case studies within the national contexts was the fact that the buildings were recently renovated, preferably in the last five years before the analysis. The main reasons for the renovation were maintenance and the improvement of standards and the energy efficiency of the building. The depth of the renovation was dependent on the condition of the building prior to the intervention. Thus, a wide range of different renovation measures can be found in the case studies. However, significant improvements in the insulation level of the envelope and the replacement of building integrated systems (including the integration of renewable energy sources) are common measures across all case studies. The analysis reported here was realized after the intervention and the theoretical renovation packages considered in the study were defined in order to be compared with the actual intervention. The buildings are representative of different climates and national contexts in Europe, since they include two buildings from northern Europe, two from central Europe and two from southern Europe. These buildings were built between 1950 and 1987 and presented different types of anomalies requiring different types of renovation solutions. Table 2 presents a summary of the analyzed building, by participating country. Concerning the renovation measures, it was established that each country had to analyze three renovation packages for the building envelope in addition to the reference case: Two alternatives with increasing thicknesses of the insulation and the chosen renovation package (the one that was implemented).
The two alternative renovation solutions had to be combined with four different BITS for heating, cooling and domestic hot water (DHW). It was necessary to analyze at least one combination of BITS with a renewable energy source (RES), such as biomass.
For the envelope, most packages included the addition of insulation in the walls, roof, and floor. In the northern countries, the buildings already had insulation, so the renovation packages consisted in increasing the insulation level. The windows in the northern countries were in most cases triple-glazed, and they were double-glazed in Portugal and Spain (Table 3 ).
In the case of the Czech Republic, since it was a school building with high rates of occupancy during the day, the quality of the air was a problem, so a new ventilation system was added. 
Results
Regarding the inter-comparison of the simple case study, the results point to the fact that when partners use the same data, they are able to get similar results. In the results provided by the participating countries, the relative deviations found were less than 5% and, therefore, is it assumed that the LCA methodologies can be used with confidence in order to compare the results of the different case studies.
Concerning the case studies from the participating countries, after the LCC and LCA assessment, it was possible to establish graphs with the results of the calculated indicators. The global costs of both analyses are equal and the difference between them relies on the embodied energy and embodied carbon emissions related to the materials added in each renovation package. Figures 4-6 show the comparison between calculations concerning carbon emissions, NRPE and TPE for the six case studies. Results are shown for the three renovation measures (V1, V2 and V3). In the legends, when alternative energy sources were considered for the same renovation measure, this is indicated in the abbreviation placed after the measure denomination.
Results show that the consideration of embodied energy and embodied carbon emissions does not affect the cost-effectiveness of solutions or the ranking of renovation packages for the investigated indicators, although, as expected, there is a considerable increase in the indicators when the embodied values are considered. There is, however, a verified influence of the consideration of embodied energy and carbon emissions in the potential achievable reduction provided by the implementation of the renovation measures. In that context, in the case studies where all renovation packages are cost-effective, such as in the cases of Austria, Spain and Portugal, including embodied energy and carbon emissions in the calculations provides a decrease in the achievable reduction. For Austria, this means that there is an impact in reductions of 4 to 11% for all indicators. Additionally, results also suggest that the renovation packages with lower primary energy associated to them are the ones presenting higher carbon emissions. The chosen/implemented renovation (V3) is still the renovation package with lower total primary energy and lower carbon emissions associated to it.
In Portugal, there is a decrease in reductions of 2 to 15% and of 2 to 5% for the Spanish case study, considering all the indicators.
For the building in Czech Republic-the only non-residential building-the majority of the solutions are cost effective in all indicators, and the inclusion of the embodied energy and carbon emissions in the calculations has the effect of decreasing reductions by about 5 to 12%. In the Swedish case study, there are a smaller number of measures achieving both cost effectiveness and reduction in carbon emissions, NRPE and TPE. This case study is already served by district heating, a condition sought to introduce a bias in results when fossil fuel alternatives are calculated. This being so, in cost effective renovation packages, there is a decrease of 15 to 32% for NRPE, 8 to 15% for TPE and 9 to 19% for carbon emissions.
For the building located in Denmark, there are no cost effective measures. In fact, the reference case is the one presenting the lowest global costs. However, the effect of considering embodied energy and carbon emissions is also visible in a decrease of the achievable reduction of 3 to 6% for the carbon emissions and 14 to 28% for NRPE and TPE. 
Conclusions
Under the scope of the methodology defined in the Annex 56 project, six case studies were analyzed. The methodology uses a life cycle costs approach to define the cost-effectiveness of renovation actions aiming towards nearly zero energy buildings. In addition, a LCA analysis was promoted in order to understand the potential contribution of considering in the calculations the embodied primary energy and carbon emissions associated to the materials used in the renovation process to the cost effectiveness of the renovation measures tested in the six case studies from different regions in Europe.
After the analysis using the Annex 56 methodology, and despite the different climate conditions, the different building designs and the different renovation measures, it was possible to establish a pattern of behaviour related to the impact of considering the embodied energy and embodied carbon emissions in the evaluation of the cost-effectiveness of the renovation processes. The analyzed indicators do not affect the results obtained without considering the embodied values in terms of the cost effectiveness of the renovation packages. However, a significant decreasing effect of achievable reduction was verified in terms of carbons emissions, NRPE and TPE when the embodied energy and carbon emissions were included in calculations. In addition, results also suggest that when a significant share of renewables is proposed, the embodied component increases and becomes more noticeable. In this sense, it can be stated that when the target is nZEBs, the embodied component is more relevant in the final results. When the target is the lowest cost, the results from the analysis seem to suggest that embodied energy does not play an important role in influencing the results. Funding: This research received no external funding.
